Thermal aging embrittlement of LWR components made of stainless cast (e.g. CF-8 and CF-8M) is a potential degradation issue, and careful attention has been paid on it. Although welds of austenitic stainless steels (SSs) have γ−δ duplex microstructure, which is similar to that of the stainless cast, examination on thermal aging characteristics of the SS welds is very limited. In order to evaluate thermal aging behavior of weld metal of austenitic stainless steel, the 316L SS weld metal has been prepared and changes in mechanical properties and in etching properties at isothermal aging at 335 o C have been investigated. The hardness of the ferrite phase has increased with aging, while the hardness of austenite phase has stayed same. It has been suggested that spinodal decomposition has occurred in δ-ferrite by the 335 o C aging. The etching rates of δ-ferrite at immersion test in 5wt% hydrochloric acid solution have been also investigated using an AFM technique. The etching rate of ferrite phase has decreased consistently with the increase in hardness of ferrite phase. It has been thought that this characteristic is also caused by spinodal decomposition of ferrite into chromium-rich (α') and iron-rich (α).
Introduction
Austenitic stainless steels widely used in nuclear industry for core shroud and primary loop recirculation (PLR) pipes, because of good properties in corrosion resistance, strength, ductility, and weldability. Weld metal of austenitic stainless steels typically has duplex structure with a few to over ten percent of δ-ferrite in austenite to minimize the risk of hot cracking during solidification. It is well known that duplex stainless steels are susceptible to significant embrittlement changes in mechanical properties during long-term exposure to service temperature of light water reactors. The spinodal decomposition of ferrite phase is considered to be the primary cause of embrittlement during aging at temperatures in the range 300 to 400 o C, from many investigations for the thermal aging embrittlement of duplex stainless steels (1) - (4) . Therefore, same as in duplex stainless steels, spinodal decomposition of δ-ferrite can occur also in austenitic stainless steel welds by thermal aging. Additionally, in recent years, a great number of stress corrosion cracking (SCC) incidents have been observed at weld parts in core shrouds and re-circulation pipes made of L-grade stainless steel in Japanese BWRs, and some cracks have propagated into the weld metal. So, the degradation of weld part is capable to becoming big issue. However, the investigation about thermal aging embrittlement of austenitic stainless steel welds is very limited.
In actual components, austenitic stainless steels welds can take two types of solidification mode, ferritic-austenitic solidification mode (FA mode) and austenitic-ferritic solidification mode (AF mode) mainly depending on chemical compositions of the weld metal, and resultant compositions and morphology of δ-ferrite have some variation. The ferrite fraction of FA mode materials is much higher than that of AF mode materials. Therefore, effect of thermal aging embrittlement in δ-ferrite is higher in the weld parts solidified in FA mode.
In this study, in order to evaluate the thermal aging behavior of weld metal of austenitic stainless steel, changes in mechanical properties and in etching properties of 316L SS welds at isothermal aging at 335 o C have been investigated.
Experimental details

Preparation of 316L SS weld
The 316L SS weld sample, solidification mode of which is FA mode was tried to make by using 316L SS base metal and 316L SS filler metal with high Cr equivalent (Cr eq ) / Ni equivalent (Ni eq ) ratio. Butt welding by gas tungsten arc welding (GTAW) process was used for obtaining weld sample. The chemical compositions of 316L SS plate and the filler metal used are shown in table1 and 2, respectively. The solidification mode of stainless steels can be predicted based on Cr eq /Ni eq ratio using Schaeffler equation (5) . Each Cr eq /Ni eq ratio of the 316L SS base metal and the filler metal, and predicted solidification mode regions are shown in Fig.1 . Because of dilution with the base metal at welding process, actual Cr eq /Ni eq ratio of welds might be anywhere on the line of joining the Cr eq /Ni eq ratio of the base metal to that of the filler metal in Fig.1 . The actual solidification mode of welding sample was determined from the morphology of δ-ferrite observation. The welding sample was cut vertical to welding line, that cross-sectional surface was observed. The surface was miller polished with diamond paste to 0.5µm finish, and then etched in 5wt% hydrochloric acid solution in order to distinguish between ferrite and austenite phases.
Ferrite fraction of the welding sample was evaluated using a ferrite scope.
Determination of thermal aging condition
Since there is no complete dataset available about spinodal decomposition rate for δ-ferrite of austenitic stainless steel welds, aging condition was decided based on the thermal aging data of cast duplex stainless steels; CF-8 and CF-8M, as shown in Fig2 (6) .
The aging temperature was determined to 335 o C, because the Figure 2 suggests that the upper bound temperature where spinodal decomposition rate can be extrapolated to BWR coolant temperature would be 335 o C. Basically, it takes about 5 years to start spinodal decomposition at 288 o C aging. On the other hand, it takes only 1000 hours to start at 335 o C aging. The aging durations were 0h (non-aging), 500h, 1000h, 2000h, 4000h, and 8000h indicated as closed symbols in Fig.2 . 
Hardness measurement
The changes in mechanical properties with thermal aging were evaluated to measure the changes in hardness of ferrite phase and austenite phase using Vickers hardness tester. To remove the hardened layer formed on the specimen surface at mechanical polishing process, electropolishing using a solution of CH 3 COOH and HClO 4 (9:1 ratio) was done. The polishing rate was slightly different between ferrite phase and austenite phase, so each phase could be classify. The Vickers hardness values were obtained to average 5 measurements, and indentation force was 10mN.
Chemical immersion test
Chemical immersion tests were performed about non-aging and aged weld samples in 5wt% hydrochloric acid solution. The test solution temperature was maintained at 50 o C in a water bath during tests. The immersion time was 3 minutes. The etching rate of δ-ferrite was obtained by an etched depth measurement using an Atomic Force Microscope (AFM).
Results and discussion
Microstructure of δ-ferrite in the welding sample
The etched microstructures of the welding sample are shown in Fig.3 . The solidification mode of this sample was estimated FA mode judging from the fact that major part of the (6) microstructure indicated typical two types of morphologies of δ-ferrite; one is known as 'vermicular' as shown in Fig.3a , and the other is 'lacy' as shown in Fig.3b . The ferrite fraction which was obtained using ferrite scope has been 12.7%.
Changes in hardness at 335 o C aging
The Vickers hardness of ferrite and austenite phase of the welding sample with 335 o C aging is shown in Fig.4 . The hardness of ferrite phase has increased to over 300Hv with 335 o C aging for 4000h or longer, while the hardness of austenite phase stayed the same. Generally, the characteristics of the spinodal decomposition of ferrite phase can be seen typically as a decrease in toughness and an increase in hardness (4) . It was thought that spinodal decomposition occurred in δ-ferrite of the specimens by the 335 o C aging. Figure 2 indicates that spinodal decomposition in CF-8 and CF-8M start after 1000h aging at 335 o C, however, δ-ferrite in 316L SS welds which used in this study has already hardened after 500h aging at 335 o C. The slight difference of the spinodal decomposition rate between cast duplex stainless steels and austenite stainless steel welds was confirmed. Additionally, age-hardened behavior of ferrite phase as shown in Fig.4 has suggested the possibility that an early stage of the spinodal decomposition of δ-ferrite in 316L SS welds start immediately by 335 o C aging.
Changes in etching rate at 335
o C aging The example of AFM image of the etched specimen is shown in Fig.5 . The difference of elevation between preferentially-dissolved ferrite phase and austenite phase was adopted as the etching depth of ferrite phase. Figure 6 shows the etching rate and the Vickers hardness of ferrite phase at each aging condition. The etching rate decrease with increase in aging time, in contradiction to behavior of change in hardness. Figure 7 shows the relation between the etching rate and increase in hardness. It is clear that the etching rate of ferrite phase decreases consistently with the increase in hardness. The same tendency has been shown by Yi (1996) results of immersion tests of aged cast duplex steels (7) , and it has been also suggested that the non -destructive evaluation technique for thermal aging embrittlement of duplex stainless steels (7) may have applicability to detection of that of austenitic stainless steel weld part. It is likely that decrease of corrosion rate of δ-ferrite with increase in hardness has been caused by spinodal decomposition of ferrite into chromium-rich (α') and iron-rich (α), but detailed mechanism has not unknown.
Conclusion
In the present work, changes in mechanical properties and in etching properties of 316L SS welds at isothermal aging at 335 o C have been investigated. The main conclusions can be summarized as follows;
(1) The hardness of ferrite phase has increased to over 300Hv with 335 o C aging for 4000h or longer, while the hardness of austenite phase stayed the same. This hardening is most likely due to spinodal decomposition of δ-ferrite.
(2) The etching rate of ferrite phase at immersion test in 5wt% hydrochloric acid solution has decreased consistently with the increase in hardness of ferrite phase.
(3) The results would suggest potential necessity of evaluating thermal aging degradation in a stainless steel weld as well as stainless steel cast.
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